The equipartition of magnetic and thermal energy in interstellar medium (ISM) indicates the magneto-hydrodynamic nature of the interstellar turbulence, which can be decomposed into three wave modes: Alfvén, fast and slow magnetosonic modes. 1-3 Even for studies performed in the case of subsonic turbulence, the magnetosonic modes have been revealed to be more effective than the Alfvénic modes for processes such as cosmic ray transport and acceleration. 4, 5 The multiphase nature of ISM 6 and diversity of driving mechanisms give rise to spatial variation of turbulence properties. Nevertheless, the employed model of magneto-hydrodynamic turbulence is often oversimplified being assumed to be only Alfvénic due to a lack of observational evidence to the contrary. Here we report the first use of our novel method, the signature from polarization analysis (SPA), on unveiling the plasma modes in interstellar turbulence. Its application leads to the first discovery of magnetosonic modes in the Orion Nebulae, Cygnus X region and Northern Galactic Halo. Through comparison with the spectrum at other wavelengths, our results unexpectedly disclose that active star formation zones are dominated by the magnetosonic modes. The SPA sheds light on the hitherto unknown plasma modes composition of the Galactic turbulence, and marks the onset of a new era in the study of interstellar turbulence and accordingly our understanding of star formation and cosmic ray transport.
Dominant Signature Plasma Modes Implied s xx (ϕ s ) ∼ const "isotropic" Unresolved a , super-Alfvénic (M A > 1) Calculated r xx is "rejected" unreliable b r xx > 0 "Alfvénic" Alfvén modes, unless γ = 2, M A > 1 & β < 1, ⇒ Alfvén/Fast modes −2/3 ≤ r xx ≤ 0 "magnetosonic" Magnetosonic modes, fast modes if β < 1 or if no detection of "anomalous" r xx < −2/3 "anomalous" Slow modes a Spot size larger than the magnetic coherence length l A . b The model of axially-symmetrical statistics is not applicable or the impacts of quadratic term or symmetry axis fluctuation are too high (see Methods, Extended Data Fig. 4 ).
of the variance of synchrotron emissivity (ε) related to (I+Q)/2. The linear term of the variance, which is expressed by a set of spectral tensors of the axisymmetric turbulence with respect to the local mean magnetic field, can be reduced to: 
where ϕ s is the azimuthal angle of the mean magnetic field measured from the Stokes parameter frame (see Extended Data Fig. 1 for geometry) . The quantities a xx , b xx carry information on the tensor power spectrum of the turbulence modes. 3, 4 The ratio r xx ≡ a xx /b xx is the defining parameter resulting from SPA (see equation 2 in Methods for theoretical expressions). It depends on three physical parameters (see Extended data Fig. 2a∼c ): the angle θ λ between the mean magnetic field B 0 and the line of sight; Alfvénic Mach number M A ≡ δB/B 0 , where δB depicts the magnetic fluctuations; and plasma β which is the ratio of thermal to magnetic pressure. To distinguish the difference of the variance from the three modes, we separate the parameter space of r xx into three and refer to them as: "Alfvénic" (r xx > 0), "magnetosonic" (−2/3 ≤ r xx ≤ 0), "anomalous" (r xx < −2/3) signatures. The resulting classification recipe is summarized in Table 1 . Notably, only magnetosonic modes produce distinctively the dominance of the "magnetosonic" signature. Fast magnetosonic modes can be further discriminated under either of two circumstances: the absence of the "anomalous" signature or low plasma-β. By applying the SPA technique to the synchrotron emission data (see Extended Data Fig. 3 , Methods), we identify the dominant plasma modes (Alfvén, magnetosonic) in different phases of ISM. The first observational evidence of the ISM dominated by magnetosonic modes is discovered in three different areas: the Orion molecular cloud complex (Orion MCC) and Northern Galactic Halo with data from "DRAO 1.4 GHz" polarization survey; 7 and Cygnus X Region with data from "Urumqi 6 cm" polarization survey 8 (Fig. 1 ). Positions on the maps throughout the paper are denoted by their celestial coordinates (J2000.0) in the sky: (δ, α), where δ corresponds to the Declination and α is the Right Ascension.
The results of the modes classification with SPA for the Orion MCC are displayed over the optical map in Fig. 1a . Magnetosonic modes dominate two regions in the Orion MCC: Ori A and Ori B. Moreover, we find that the southern edge of the Barnard Loop is dominated by isotropic turbulence, indicating a weak magnetic field on the plane of sky. Ori A is in the west vicinity of the Barnard Loop and overlaps with the density enhancement area near the open cluster NGC 2112 in the Orion MCC. 9 Unexpectedly, while comparing our results from SPA of Ori B residing in Sh 2-264 (λ−Orion Ring) with the H-alpha map, 10 we find that Ori B has strong H-alpha emission, a known tracer of star formation.
Additionally, the surprising coexistence of regions dominated by magnetosonic modes with active star forming spots are uncovered in the Cygnus X region, a complex of giant molecular clouds hosting massive star-forming activities 11, 12 with rich collection of young massive stars and supernovae. 13 The results from SPA unveil overwhelming dominance of "magnetosonic" signatures which are overlaid onto the infrared map in Fig. 1b . This unambiguously indicates the dominance of the magnetosonic modes. In particular, the two highlighted areas Cyg A, Cyg B overlap substantially with the two important active star forming regions (SFRs), Cygnus X North and Cygnus X South, respectively. [14] [15] [16] The compression of the circumstellar medium has been detected in these regions, resulting from the motion of the stars in the OB star associations. 17 Our finding of the high-consistency overlapping between the magnetosonic mode dominant zones and the active star-forming spots in the molecular cloud complexes offers new insights into the physics of star formation. It is consistent with the picture of the injection of turbulence from star formation activities, 18 for instance, the highly supersonic flows (inside the dense and cold molecular clouds) generated by supernova explosions and outflows from young stellar objects. 19 Initial density perturbations, implied by these modes, can trigger a multistage process which finally leads to protostar formation. 20 Furthermore, the regions in the two molecular cloud complexes with identified turbulence modes reside completely in the cosmic ray Superbubbles: Orion-Eridanus Superbubble 21, 22 and Cygnus Superbubble. 23 Cyg B, especially, resides in the cocoon of the excess hard emission above 3 GeV, which can neither be explained by neighboring pulsar wind nebulae nor by point source emission (see Fig. 1b ). 23 This pinpoints the necessity of incorporating the magnetosonic modes, that are important in cosmic ray propagation and acceleration, into the modelling.
Beyond the molecular clouds, the magnetosonic mode dominant areas are discovered in the Galactic Halo too. The plasma modes in the Northern Galactic Halo are detected based on the multilayer scenario (see Methods) accounting for the line of sight averaging (Fig. 1c ). Particularly, two regions in the Northern Galactic Halo are dominated by the "magnetosonic" signature: NGP A and NGP B. Both regions are dominated by the magnetosonic modes because of the absence of "Alfvénic" signature. Since plasma β is expected to be low in the Galactic Halo, 24 these magnetosonic modes can be further classified as the fast modes. Moreover, differ- ent plasma modes detected in the Galactic Halo exhibit distinctive synchrotron intensity level: < I >= 128 ± 17 mK for the Alfvénic mode, < I >= 92 ± 11 mK for the fast modes and < I >= 53±16 mK for the isotropic turbulence. The low intensity associated with the isotropic turbulence may be attributed to a weaker mean magnetic field in the plane-of-sky. The physical reason for the spatial variation of turbulence modes in the Galactic Halo is intriguing.
Other signatures are also detected from our survey with SPA ( Fig. 2) . We employed the data from "Effelsberg 21cm POL" polarization survey 25 for Fig. 2 . The dominance of the Alfvén modes is evident in Fig. 2(a,c,d,f ) and the slow modes are detected in Fig. 2(a,e) . Our results reveal that the Galaxy turbulence is composed of turbulence with multiple plasma modes varying spatially.
The application of SPA on the synchrotron polarization data from the Galactic medium provides the first diagnosis for an in-depth understanding of the plasma modes composition in the Galaxy, turning a new page of connecting plasma physics with macro astrophy'sical phenomena. The disclosure of the high correlation between magnetosonic mode dominant areas and active star forming spots in molecular cloud complexes opens up a new avenue for star formation research. Moreover, the observational confirmation of the presence of magnetosonic turbulence in the Galaxy, both in ISM and in the Galactic Halo, has far reaching consequences for not only cosmic ray transport and acceleration, but also the fundamental understanding of the driving mechanism of turbulence. Moreover, the identification of the magnetosonic modes in different phases of the Galactic medium reveals the universality of the dominance of cosmic ray transportation by the Galactic turbulence. Further investigation of the statistical properties of the signatures in SPA will allow robust estimates of magnetic field direction and strength, Alfvénic Mach number and the energy injection scale of turbulence. A highly promising research field is foreseen to unroll with ample results anticipated on analysing the higher resolution synchrotron polarization data and multiple wavelength comparison, which will shed light on the role of turbulence in various physical processes, as well as establishing connections between physics of different scales. Methods Theoretical and numerical analysis. The synchrotron radiation emissivity relates to the magnetic field by ε ∝ |B ⊥ | a , where B ⊥ is the picture plane component of the magnetic field and a ≡ 1/2(γ + 1) with γ being the relativistic electron index in the medium. 26 The magnetic field is composed of mean field component and turbulent component
In our study, we consider the electron index range 2 γ 3.5. Nonetheless, the theoretical analysis for sub-Alfvénic turbulence (B i,x /B 0⊥ < 1) can start with γ = 3, i.e. a = 2, because of the approximation
Therefore, the variance of emissivity can be calculated by integrating in Fourier space the tensor power spectrum of the turbulent magnetic field, which can be expressed with spectral tensors axisymmetric to the local mean field direction. 27, 28 Based on the analytical expressions for the three modes, 3, 29, 30 we obtain the corresponding r xx :
in which the angles are defined in Extended Data Fig. 1 . K = (k x , k y , 0) is the picture-plane wave vector and F 2 0,A , F 2 0,F are the scalar part of the tensor power spectrum for Alfvén and fast modes, respectively. The theoretical analysis of r xx are plotted in Extended Data Fig. 2(a∼c) , based on which the value space of r xx is separated into three classification zones.
In order to establish the classification recipe (Table. 1), probability distribution analysis are performed (see Extended Data Fig. 2d∼o ) on the r xx from the maps of the Stokes parameters (I,Q,U) that are synthesized from artificially built 3D magnetic field distributions. Each of these artificial data cubes consists of a spectrum of waves of one of the three possible modes (Alfvén, slow, and fast) with random phases and with the inertial range extended larger than two decades in order to suppress the statistical error. In the probability distribution analysis, we consider sub-/trans-/super-Alfvénic turbulence with a range of electron power-law indices between −2 (expected in regions close to acceleration sites) and −3.5 and with low/high plasma-β. At least 200 maps are analysed for each case. For the sub-/trans-Alfvénic cases, 95% of all cases fall into the theoretically expected classification zones (Extended Data Fig. 2d∼i ). For super-Alfvénic cases, r xx is analysed in the maps projected from multi-layer trans-Alfvénic cubes (Extended Data Fig. 2j∼l ). Theoretically, the super-Alfvénic turbulence on scales larger than the magnetic coherence length l A is isotropic. Nonetheless, turbulence modes with high M A are still detectable if the turbulence cascade is resolved below l A by the map resolution. This corresponds to the power spectrum axisymmetric to the local mean magnetic field. The super-Alfvénic turbulence is indistinguishable from the trans-Alfvénic turbulence in a medium with thickness larger than l A . In addition, we carried out synthetic observations for the multi-layer of sub-Alfvénic turbulence in order to classify turbulence in thick medium (Extended Data Fig.  2m∼o ).
Throughout our probability distribution analysis, we note that the dominance of the "magnetosonic" signature unambiguously points to the dominance of magnetosonic modes. In the low β area, this directly points to the dominance of fast modes because the displacements of slow modes are parallel to the magnetic field in the low β limit and do not induce transverse magnetic field perturbations. 3, 31 Alternatively, it is conclude from Extended Data Fig. 2 that the absence of "anomalous" signature in the "magnetosonic" signature dominant area points to fast modes.
Observational data analysis. The processes to obtain r xx from the observational data in a given spot are summarized in Extended Data Fig. 3 . Firstly, the variance of the synchrotron emissivity with respect to ϕ s is calculated for a given spot of the synchrotron polarization map. An intensity range is selected in order to mask out the background extragalactic point sources. Moreover, high/low-pass gaussian filters are applied in order to remove the scales that are subjected to large-scale fluctuations and instrumental contaminations. Secondly, we examine the symmetry of the variance with respect to the case ϕ s = 90 • (i.e., B 0⊥ parallel to the Stokesê sy axis, see Extended Data Fig. 4 ) and only accept the spot when the odd harmonics are limited to ≤ 5%. Thirdly, the linear term of s xx is extracted from the observedŝ xx (90 • ) accounting for the fluctuation of the symmetric axis (including Faraday rotation) and quadratic term. Only those spots dominated by the linear term are selected for further modes classification, i.e., s xx (90 • )/ŝ xx (0 • ) < 1/3 (see Extended Data Fig. 4) . Fourthly, the statistics of the classification parameter r xx (including mean, r.m.s. value and range) are calculated from the linear term of s xx . We reject the spots for which r xx crosses the thresholds, i.e. 0, 2/3. Our calculations of Faraday rotation (FR) show that if the rotation angle within one magnetic field coherence length l A is smaller than 90 • , which applies to all the maps analyzed in this report, the FR does not change the classification of plasma modes. Finally, the remaining accepted spots are classified in accordance with the criteria in Table 1 . 
